The characteristic growth pattern of vascular p l a n t s l a r g e l y d e p e n d s o n t h e i n t r i n s i c p ro p e r t i e s of t h e ir c e ll wa lls , whic h a r e flexible, but strong enough to support the plant body. The plant body is composed of various tissues each with a specific cell wall type. Different sets of enzymes are required for the construction of these individual cell wall types. The cell wall type-specific enzyme-set hypothesis has been described to explain the mechanisms underlying cell wall construction. This hypothesis suggests that specific sets of transcription factors are required for the construction of each of the cell-wall types. Recent reverse genetic studies investigating secondary wall formation in Arabidopsis thaliana have demonstrated the existence of a hierarchical transcriptional network that governs the regulation of secondary wall formation in cell wall types. The examination of the effects of mechanical stimuli on the expression of genes encoding a particular set of cell wall-related enzymes and transcriptional factors has shown that A. thaliana is able to perceive subtle changes in self-weight of the aerial portions, and use this information as a signal to regulate formation of cell walls in the supporting tissues. However, the mechanisms by which mechanical signals are perceived via sensors presumably located at the cell surface remain unknown. In addition, the pathways through which the signal is transmitted and integrated into the transcriptional network that governs the coordinated actions of cell wallrelated genes are also yet to be described. Current reverse genetic approaches based on comprehensive expression analysis of cell wall-related genes may aid in the elucidation of the regulatory mechanisms underlying supporting tissue formation via mechanical signals. Such information may contribute not only to a further understanding of the molecular basis underlying evolution of the plant vascular system, but may also provide us with the knowledge required for the future development and utilization of plant cell walls as a sustainable resource.
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Evolution of the supporting tissue in land plants
Vascular plants are thought to have evolved from charophycean green algae, and began to diversify during the Silurian and Devonian times (Kenrick and Crane, 1997) . These plants are characterized by their large body size, due in part to evolutionary pressure resulting from competition for space and light. As a consequence, these plants, particulary woody plants, comprise the largest terrestrial biomass. During their early evolution, they established a series of adaptations that supported their growth under terrestrial conditions, where the above-ground portion of the plants was exposed to the atmosphere, rather than supported by buoyancy. Perhaps the most important change was the development of the intricate stem system that provided mechanical support and fluid transport, as well as the highly sophisticated machinery required for stem growth (Kenrick and Crane, 1997) .
These characteristics of vascular plants are largely based on the intrinsic properties of their cell walls, which are flexible enough to allow for cell expansion during shoot growth, but are equally strong enough to support the plant body and prevent vessel implosion (Raven et al., 2005) . These seemingly contradictory functions of the cell wall are generated via the controlled switching of two distinct cell wall types, the primary and secondary walls, in a single cell during cellular differentiation (Nishitani, 1997) .
Cell wall types in vascular plants
P r i m a r y w a l l s a r e d e f i n e d a s t h o s e t h a t a r e synthesized adjacent to the middle lamella generated during cytokinesis, and are formed while the cells remain capable of expansion. A common structural feature of primary walls is that they are composed of threedimensionally organized crystalline cellulose microfibrils that are embedded in a non-crystalline matrix composed of various polysaccharides and structural proteins (Carpita and Gibeaut, 1993; Cosgrove, 2005; Nishitani and Vissenberg, 2006) . In typical primary walls of vascular plants, including those observed in A. thaliana (L.) Heynh, the matrix polysaccharides chiefly consist of three pectic polymer domains, rhamnogalacturonan I and II and homogalacturonan, and two major hemicellulosic polymers, xyloglucan and glucuronoarabinoxylan (Yokoyama and Nishitani, 2004; Zablackis et al., 1995) .
Transcriptional regulation of cell-wall related genes in the supporting tissue of plants − 122 − The variations observed in the molecular architecture of primary walls are essentially due to the structural heterogeneity of the component polymers and their compositional diversity among polymer species.
T h e s e c o n d a r y w a l l s o n t h e o t h e r h a n d a r e deposited on the inner surface of the primary wall in cells where expansion processes have ceased. They are characterized by densely deposited cellulose microfibrils impregnated with lignin (phenylpropanoid polymer) and are combined with numerous other cross-linking or cementing matrix polymers. Together these molecules form a rigid, hydrophobic framework that provides the secondary walls with both mechanical strength and water impermeability (Chaffey et al., 2002; Rogers and Campbell, 2004) . Consequently, the cells surrounded by secondary walls are no longer able to undergo expansion, and thus typically function as a supporting skeleton of the plant body.
The stems of herbaceous dicotyledons are comprised of epidermis, cortex, an interfascicular region, vascular cylinder and pith arranged in concentric order, with each component having several different cell types. According to cell lineage, the tissues in plant stems are classified into three systems, the dermal, vascular and ground tissue systems. The ground tissue system is further divided into parenchyma, collenchyma and sclerenchyma tissues. Parenchyma cells that are found in the cortex and pith possess a thin primary wall and/or secondary walls. The collenchyma cells are characterized by an irregularly thickened wall enriched in pectin, and are located in the cortex and interfascicular region. Sclerenchyma cells are found in the xylem and sieve fibers, and possess highly lignified secondary walls (Raven et al., 2005) . Given that each of the stem tissues are composed of several distinct cell types and that each cell type is distinct with respect to cell wall structure, each plant stem may possess dozens of cell types with distinct cell wall architecture (Nishitani, 2002) .
It is also worthy to note that the molecular composition of the matrix in individual cell walls, and hence cell wall − 123 − morphology, may vary in the same cell wall type and even within a single cell, depending on the stage of differentiation (Derbyshire et al., 2007; Imoto et al., 2005; Nishitani and Masuda, 1979) . In addition, the timing of transition from the primary wall to the secondary wall also varies among cell types (Chaffey et al., 2002) . The cell wall structure may change drastically in response to environmental cues including biotic and abiotic signals (Cosgrove, 2005; Nishitani and Vissenberg, 2006; Somerville et al., 2004) . As a result, the molecular architecture of cell walls in the stems of vascular plants may be highly variable, and thus the cells including those comprising the supporting tissues may exhibit cell walls with specific structural and mechanical properties. These findings indicate the existence of regulatory mechanisms through which construction, maintenance and disassembly of individual cell wall components are coordinated or synchronized with each other during differentiation of the stem system (Imoto et al., 2005; Ko et al., 2004) .
Genes involved in cell wall dynamics
For the construction, maintenance and disassembly o f c e l l u l o s e a n d m a t r i x p o l y m e r s , a l a r g e s e t o f carbohydrate-active enzymes is required; a full list of these enzymes can be found at <http://www.cazy.org/>.
It is known that lignin present in the secondary wall is synthesized via oxidative coupling of monolignols generated by the phenylpropanoid metabolic pathways (reviewed by Rogers and Campbell, 2004; Boerjan et al., 2003) . Based on the genome database of A. thaliana (L) Heynh, Yokoyama and colleagues classified the enzymes potentially responsible for cell wall dynamics, and compiled a list of 32 cell wall-related protein families implicated in the metabolism of both polysaccharides and lignin (Table 1) (Yokoyama and Nishitani, 2004) .
Each of these protein families were typically encoded by a large number of genes. For example, the xyloglucan endotransglucosylase/hydroalae (XTH) gene family (Nishitani and Tominaga, 1992; Nishitani and Vissenberg, 2006; Rose et al., 2002) , that plays pivotal roles in the construction, maintenance and disassembly of the cellulose/xyloglucan framework in plant cell walls, was found to consist of 33 gene members in A. thaliana (Yokoyama and Nishitani, 2001) . Comprehensive expression analysis and subsequent functional studies on this gene family revealed that each of the 33 XTH genes is individually regulated by developmental, hormonal and environmental signals, and plays specific roles in different cell types (Matsui et al., 2005; Osato et al., 2006; Yokoyama and Nishitani, 2000; Yokoyama and Nishitani, 2001) . This finding appears to be true for most of the cell wall-related gene families that have been examined − 124 − to date (reviewed by Sampedro and Cosgrove, 2005; Mutwil et al., 2008) .
Cell wall type-specific enzyme-set hypothesis
Given that the stems of vascular plants are composed of various cell types that each exhibit a distinct cell wall structure, it appears likely that different sets of enzymes are required to work coordinately for the construction and disassembly of individual cell wall types. These considerations lead us to propose the "cell wall typespecific enzyme-set hypothesis," that suggests that only a small number of members from each of the cell wall-related families of genes are involved in cell wall metabolism in specific cell wall types. In other words, only a particular set of cell wall-related enzymes or so called cell wall enzyme sets are exclusively involved in the dynamics of a specific cell wall type (Nishitani, 2002) .
In order to identify cell wall type-specific enzymesets, Imoto et al. performed a comprehensive expression analysis for cell wall-related genes in the stem using a 70-mer oligo microarray that focused on 765 genes covering all members of the 30 families of cell wall-related genes in A. thaliana. To correlate gene expression profiles with cell wall types, we roughly defined three types of expression profiles, Type A, B and C. The Type A profile was defined as those whose expression in the apical stem region was significantly higher than that in the lower part of the stem. The Type B profile demonstrated significantly higher expression levels in the middle region compared to the apical and basal parts, while the Type C profile revealed significantly higher expression levels in the basal stem regions (Imoto et al., 2005) . This approach successfully identified 37 Type A genes, 12 Type B genes and 45 Type C genes, whose expression profiles were found to be spatially regulated depending on growth stage along the stem axis. More interestingly, 33 of the 37 Type A genes and 10 of the 12 Type B genes were expressed preferentially in the elongating zone of the stem, while 29 of the 45 Type C genes were expressed preferentially in regions where elongation growth had ceased. Thus, these genes also appeared to be temporally regulated during development of the inflorescence stem, suggesting the existence of a division of roles among family members within each of the gene families (Imoto et al., 2005) . These findings support the cell type-specific enzyme-set hypothesis, and indicate the possible involvement of Type C genes in supporting tissue formation in the stem.
Transcription factors specific to cell wall type in supporting tissues

Secondary wall-specific master genes
The cell wall type-specific enzyme-set hypothesis assumes that individual sets of transcription factors that are specific to cell wall type regulate either directly or indirectly, the expression of gene groups required for the synthesis of cell wall types. As a result, these gene sets may be used to define the structural features of the different cell wall types. These transcription factors may in turn be regulated by another set of transcription factors that sit at a higher hierarchy level in the signaling cascade, and that are encoded by a smaller number of master genes that govern tissue differentiation (Nishitani, 2002; Nishitani, 2005) . This hypothetical signaling cascade has recently been demonstrated during the isolation and characterization of a series of transcription factors that are essential for the formation of specific cell wall types in the xylem vessels and fibers in A. thaliana (reviewed by . These genes include VASCULAR RELATED NAC-DOMAIN 6 (VND6), VND7, NAC SECONDARY WALL THICKENING PROMOTING FACTOR 1 (NST1) and SECONDARY WALL ASSOCIATED NAC DOMAIN PROTEIN (SND1).
The VND6 and VND7 transcription factors were o r i g i n a l l y i d e n t i f i e d a s p r o t e i n s t h a t i n d u c e t h e transdifferentiation of A. thaliana cells with primary walls into metaxylem and protoxylem-like vessel elements with secondary walls, respectively (Kubo et al., 2005) . The dominant repression of these two genes was also found to specifically inhibit vessel formation in metaxylem and protoxylem of the root, respectively. Thus, these two genes positively regulate the formation of secondary walls specifically in the two distinct cell types (Kubo et al., 2005; Yamaguchi et al., 2008) . In contrast, NST1 and SND1/ NST3 were identified as transcription factors involved in the formation of interfascicular fibers and xylary fibers in the stem of A. thaliana via dominant repression (Mitsuda et al., 2005; Zhong et al., 2006) . Over-expression of either NST1 (Mitsuda et al., 2005) or SND1/NST3 (Zhong et al., 2006) resulted in the activation of genes involved in synthesis of cellulose, xylan and lignin, thereby causing ectopic deposition of lignified secondary walls. Disruption of both genes caused a severe defect in secondary wall formation in the two stem fibers, whereas disruption of either one of these genes alone had no effect on phenotype (Mitsuda et al., 2007; . These findings indicate that NST1 and SND1/NST3, that are essential for secondary wall formation in the two fiber cells of the stem, may be functionally redundant . VND6, VND7, NST1 and SND1 transcription factors belong to the NAC family of proteins. The NAC family is specifically expressed by land plants, and constitutes one of the largest families of plant-specific transcription factors. At least 105 putative genes have been identified in the A. thaliana genome to date (Olsen et al., 2005; Ooka et al., 2003) . It is also worthy of noting that the four NAC family genes are closely related to each other and fall into the same subfamily to which the master genes for plant development belong (Kubo et al., 2005; . These master genes include the functionally redundant CUP-SHAPED 1 and 2 genes, that in combination are responsible for boundary specification and formation of apical meristem in the shoot (Aida et al., 1997) .
Hierarchical transcriptional network
Zhong and colleagues demonstrated that SND1 directly targets and activates the MYB46 gene, a gene − 125 − that is predominantly expressed in both the fibers and vessels of the stem in A. thaliana. Over-expression of MYB46 has been shown to result in up-regulation of MYB85 and KNAT7, indicating its critical role in master gene regulation . Furthermore, they have also demonstrated that SND1 regulates the expression of 11 transcription factors including SND2, SND3, MYB85, MYB103, MYB52, MYB54, MYB69, MYB42, MYB43, MYB20 and KNAT7, whose gene expression levels were developmentally linked to cells where secondary wall formation had proceeded. They also reported that dominant repression of SND3, MYB85, MYB103, MYB52, MYB54 and KNAT7 resulted in a reduction of secondary wall formation in the fiber cells (Zhong et al., 2006; Zhong et al., 2008) . In addition, they were also able to reveal that SND2, SND3, MYB103, MYB52, MYB54 and KNAT7 activated gene expression of reporter genes driven by the cellulose synthase CesA8 promoter (Taylor et al., 2003) , the xylan biosynthesis IRX9 promoter (Pena et al., 2007) and the lignin biosynthesis 4CL1 promoter (Boerjan et al., 2003) . These findings indicate the presence of a hierarchical network of transcriptional regulation in which VND6, VND7, NST1, SND1/NST3 and XND1 function as master switches that regulate downstream transcription factor expression. In turn, these downstream transcription factors may regulate the expression of cell wall-related genes that are specific for respective cell wall types.
With the exception of KNAT7, these downstream transcription factors are members of the NAC and R2R3-MYB protein families. Similar to the NAC protein family, the MYB-(R1) R2R3 family expanded almost exclusively during the evolution period of land plants. In the Arabidopsis genome there have been 136 MYB-(R1)R2R3 family genes identified to date (Riechmann et al., 2000; Yanhui et al., 2006) , which is quite a large number compared to those of fry and worm, whose genomes contain only three and two MYB-(R1)R2R3 genes, respectively (Riechmann et al., 2000) . This finding suggests that diversification of the two gene families occurred in close correlation with the timing of evolution for vascular plants.
Mechanical signaling in the cell wall of supporting tissues
Over a century ago, Newcombe criticized the thenprevalent notion of "mechanical theory of growth" suggested by Sachs and colleagues, and instead proposed the hypothesis of "regulatory growth". This hypothesis suggested that plants were able to respond to mechanical stress loaded on the plant. The essence of this hypothesis is reflected in his statement "But if the plant be a self-regulatory organism, it might be expected that when the normal stress is reduced, the plant would form less than the normal amount of mechanical tissue" (Newcombe, 1895) .
Bending displacement of stems and branches of woody plants results in formation of special tissues asymmetrically around the growth axis (Scurfield 1973) . These tissues are known as reaction wood. In gymnosperms, represented by pine, the reaction wood forms at the lower side of the axis, and is termed compression wood, which is characterized by short, rounded tracheids with heavily lignified thick walls. By contrast, in angiosperms, such as poplar, the reaction wood is formed in the upper side, and is termed tension wood, which is characterized by short vessels and fibers with gelatinous cell wall layer (G-layer) chiefly consisting of cellulose microfibrils oriented parallel to the axis (Hellgren et al., 2004) . These facts are consistent with the idea of regulatory growth, in that plants respond to a state of mechanical strain by development of strengthening tissues.
In light of the modern molecular biology techniques available and the current knowledge of cell wall-related genes, transcriptional regulation may represent one of the promising candidates that link mechanical stress and the "regulation growth theory" in plants (reviewed by Braam, 2005; Chehab et al., 2009; Telewski, 2006) . Thus, vascular plants may perceive mechanical stress applied to individual tissues as a signal to regulate transcription of a set of cell wall-related genes involved in the formation of supporting tissues .
To test this hypothesis, two approaches have been adopted. The first is based on the reduction of mechanical load, while the second approach is based on the application of load on the inflorescence stem of A. thaliana. A third approach investigating the effects of microgravity has also been examined.
Approach based on reduction of mechanical load
In the first approach, Arabidopsis plants were grown until the stem reached a length of approximately 100 mm and were placed horizontally for 30 or 60 min. As a control, a second group of plants were allowed to grow normally in an up-right position. Comparison of transcript levels in the stem of plants grown under the two conditions revealed that 19 of the 765 cell wall-related genes were significantly down-regulated in the group placed in a horizontal position . Interestingly, the vast majority of these downregulated genes belonged to the Type C gene profile set (Imoto et al., 2005) , and were preferentially expressed in the supporting tissue of the stem. Given that the selfweight of the stem ordinarily results in an up-regulation of the genes involved in secondary cell wall formation in the supporting tissues of the stem, the horizontal positioning may relieve the stem from self-weight, thus leading to a reduction in the expression levels of these genes. These findings support Yokoyama and Nishitani's hypothesis.
Approach based on application of load
In regards to the second approach, Ko and colleagues applied a 2.5-g weight to the inflorescence stem of shortday grown A. thaliana plants, and comprehensively examined the effects of the load application on the gene expression profile in the stem using Arabidopsis wholetranscriptome (23 K) GeneChip analysis (Ko et al., 2004) . Using this approach, they identified 700 genes that were Transcriptional regulation of cell-wall related genes in the supporting tissue of plants − 126 − differentially expressed during the transition from primary to secondary growth of the stem. They revealed that a large portion of the 700 genes were implicated in signal transduction and transcriptional regulation, particularly those acting downstream of auxin-signaling. These findings suggested an important role for auxin in the regulation of vascular tissue formation.
In contrast, Koizumi et al. applied a 50-mg weight to the stem of A. thaliana plants grown under continuous light conditions, and examined the effects of load application on transcript levels of 15 Type C profile cell wall-related genes that had been identified in secondary wall formation in the supporting tissues of the basal part of the stem via quantitative real time RT-PCR analysis (Koizumi et al., 2009) . Using this approach, Koizumi et al. found that 12 of the 15 genes examined were significantly up-regulated following load application (Table II) . These genes included those encoding β-1,4-glucanase (CEL2, KOR), cellulose synthase (CesA4, CesA7), chitinase (CTL2), β-galactosidase (BGAL4), laccase (LAC2, IRX4, LAC17), peroxidase (PER42), pectin esterase (PME61) and endopolygalacturonase (PG43), some of which have been characterized previously (Blee et al., 2003; Brown et al., 2005; Cai et al., 2006; Szyjanowicz et al., 2004; Taylor et al., 2003; Taylor et al., 1999; Zhong et al., 2002) . Koizumi et al. also examined the effects of load application on the transcription factors implicated in secondary wall formation in the interfascicular and xylem fibers, and revealed that AtMYB103 and SND3 were significantly up-regulated in response to load application (Koizumi et al., 2009 ). This result suggested that the signal transduction pathways that linked mechanical sensing to transcriptional regulation of secondary wallrelated genes were mediated via AtMYB103 and SND3. In contrast, the expression of the NST1 gene was found to be only slightly affected under the same conditions (Koizumi et al., 2009) . Given that NST1 and NST3/ SND1 function as master switches for secondary growth by controlling the other transcription factors including SND3 and AtMYB103, its less sensitive response to the weight load implies that the mechanical signals may be transmitted via a novel transduction pathway that is mediated by the actions of AtMYB103 and SND3, but are independent of NST1 and NST3/SND1.
Approach based on microgravity conditions
As a third approach, space experiments under m i c r o g r a v i t y c o n d i t i o n s w e r e c o n d u c t e d a t t h e International Space Station that is equipped with the European Modular Cultivation System (EMCS). This inorbit plant science experiment, termed the "Cell Wall Experiment," aimed to determine the effects of mechanical load on the transcript levels of a set of genes involved in supporting tissue formation in plants Koizumi et al., 2007) . The experimental materials were transported to the International Space Station (ISS) on the space shuttle mission STS-123 (1J/A) that was launched on March 11, 2008, and the experiments were performed between March 30 and May 23, 2008 in the European experimental module COLUMBUS (Kamada et al., 2009) . While the initial experiments were not completed due to a failure of the EMCS watering system, rosette leaves grown under microgravity conditions were recovered in the space shuttle mission STS-124 (1J) on June 14, 2008. These specimens are scheduled to be assayed to determine the levels of cell wall-related proteins and transcription factors involved in secondary wall formation. To complete the Cell Wall project, an additional in-orbit experiment is scheduled to be performed in the Japanese Experiment Module (JEM) in 2009. These in-orbit experiments constitute a promising approach for the molecular dissection of mechanical signaling cascades through which secondary wall formation is regulated via transcriptional networks.
Conclusions and Future Perspectives
Recent studies on the transcription factors implicated in secondary wall formation have unveiled the existence of a hierarchical transcriptional network that governs the regulation of secondary wall formation in individual cell types. Simultaneously, the determination of the transcriptional network, together with the comprehensive expression data for cell wall-related genes, led to the formation of the cell wall type-specific enzyme-set hypothesis. These novel findings have in turn generated new approaches for studying the molecular mechanisms underlying supporting tissue formation under periods of mechanical stress. The data obtained via the two experimental approaches, one based on the reduction of mechanical load and the other on the application of mechanical load, supports the notion that land plants are able to sense subtle changes in self-weight of aerial components, and thus regulate the transcription of particular sets of cell wall-related genes required for secondary wall formation.
It is generally accepted that mechanical signals, including self-weight, are relayed to intracellular signaling pathways via a stretch-activated calcium pulse (Braam, 2005; Chehab et al., 2009; Telewski, 2006) . Although MCA1, MsCS and their homologue are considered promising candidate mechanosensitive channels in the plant root (Haswell and Meyerowitz, 2006; Haswell et al., 2008; Nakagawa et al., 2007) , the entire mechanical sensing system cascade in the supporting tissue formation in the shoot remains unknown. How mechanical signals are perceived at the cell surface and how these signals are integrated into the transcriptional networks that govern the coordinated actions of cell wall-related genes required for the formation and modification of cell walls in supporting tissues need to be examined further.
Current reverse genetic approaches for genes encoding transcription factors and cell wall-related e n z y m e s m a y p r o v i d e a n o v e l a p p r o a c h f o r t h e elucidation of the mechanisms through which supporting tissue formation is regulated by mechanical signals. Such information would not only serve to extend our understanding of the molecular basis of plant vascular system evolution, but may also provide us with the knowledge required for the future development and utilization of cell walls as a sustainable resource.
